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The diarrhetic poisoning by bivalve molluscs, diarrhetic shellfish poisoning, is due to consumption of mussels containing biotoxins
produced by some Dinoflagellate species. Toxic effects of yessotoxin (YTX) include morphological alterations of mitochondria from heart
and liver but the biochemical basis for these alterations is completely unknown.
This paper demonstrates that YTX is a very powerful compound that opens the permeability transition pore (PTP) of the inner
mitochondrial membrane of rat liver mitochondria at nanomolar concentrations. The effect requires the presence of a permissive level of
calcium, by itself incapable of opening the pore. The direct effect of YTX on PTP is further confirmed by the inhibition exerted by
cyclosporin A (CsA) that is known as a powerful inhibitor of PTP opening. Moreover, YTX induces membrane depolarization as shown by
the quenching of tetramethylrhodamine methyl ester (TMRM), also prevented by the addition of CsA. YTX caused PTP opening in Morris
Hepatoma 1C1 cells, as shown by the occurrence of CsA-sensitive depolarization within minutes of the addition of submicromolar
concentrations of the toxin. These results provide a biochemical basis for the mitochondrial alterations observed in the course of intoxication
with YTX, offering the first clue into the pathogenesis of diseases caused by YTX, and providing a novel tool to study the PTP in situ.
D 2004 Elsevier B.V. All rights reserved.Keywords: Yessotoxin; Mitochondrial permeability transition; Rat liver mitochondria
1. Introduction although their toxic activities are significantly different; inYessotoxin (YTX) and its analogues are disulfated poly-
ether toxins included within the diarrhetic shellfish poison
(DSP) group because of their physico-chemical nature,0005-2728/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2004.02.007
Abbreviations: AIF, apoptosis-inducing factor; ANT, adenine nucleotide
translocator; BSA, bovine serum albumin; CsA, cyclosporin A; DNP,
dinitrophenol; DSP, diarrhetic shellfish poison; EGTA, ethylene glycol-bis
(b-aminoethylether) N,N,NV,NV-tetraacetic acid; FCCP, carbonylcyanide p-
trifluoromethoxyphenylhydrazone; IMM, inner mitochondrial membrane;
i.p., intraperitoneal; MH1C1, Morris rat hepatoma cells clone 1C1; MOPS,
3-[N-morpholino]propanesulfonic acid; OMM, outer mitochondrial mem-
brane; PTP, permeability transition pore; RR, ruthenium red; TMRM,
tetramethylrhodamine methyl ester; VDAC, voltage-dependent anion
channel; YTX, yessotoxin
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E-mail address: lenaz@biocfarm.unibo.it (G. Lenaz).fact YTX and its analogues do not induce diarrhea [1],
whereas their cardiotoxic effects have been demonstrated in
mice after intraperitoneal (i.p.) and oral exposure of very
high doses of YTX [1]. YTX is highly toxic towards mice
when administered i.p., while its oral toxicity is at least 10
times lower [2]. For these reasons, it was proposed that
YTX should not be included in the list of DSP toxins [3].
YTX is produced by phytoplanktonic microalgae from
a group of dinoflagellates; intoxication by YTX has
increased in recent years, arousing an increased interest
in studying YTX effects in order to elucidate its mech-
anism of action. The chemical structure of YTX resem-
bles that of brevetoxins, which are known to interfere
with the voltage-sensitive sodium channel [4]; this find-
ing suggests a possible interaction between YTX and
cellular ion channels. Recently, it was proposed that YTX
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calcium in human lymphocytes [5,6].
Intracellular calcium homeostasis plays a crucial role in
the fine tuning of a wide number of cellular functions [7–9].
Mitochondria are directly involved in calcium homeostasis,
since they are endowed with a complex array of calcium
transporters and some key enzymes of mitochondrial me-
tabolism are calcium-regulated [10]. Mitochondrial uptake
of cytosolic calcium occurs via the calcium uniporter, a
mitochondrial channel that transports the ion in energized
mitochondria, while the calcium efflux pathways are related
to sodium or proton exchangers with calcium. An additional
pathway may be represented by the permeability transition
pore (PTP), a voltage-dependent Ca2 + channel involved in
apoptotic cell death [11,12].
The mitochondrial PTP is a high conductance channel
[13] formed at the contact site between the inner and the
outer mitochondrial membrane; its molecular nature is not
yet known, although it has been associated to the adenine
nucleotide translocator (ANT, in the IMM) and the voltage-
dependent anion channel (VDAC in the OMM) [14]. Stable
PTP opening causes collapse of the electrochemical proton
gradient DCm, and loss of ion homeostasis, with massive
ATP depletion. The loss of submitochondrial compartmen-
tation induces release of caspase activators such as cyto-
chrome c, second mitochondrial-derived activator of caspase
(Smac, also known as DIABLO) and apoptosis-inducing
factor (AIF); all these factors are involved in the apoptotic
cell death [15–17]. In vitro PTP opening is driven by high
intramitochondrial Ca2 + levels and low membrane potential,
while cyclosporin A (CsA) acts as inhibitor of PTP opening.
A variety of inducers and inhibitors may modulate PTP
opening in isolated mitochondria [18–21].
Ciminiello et al. [22,23], exploiting novel methods of
purification starting from mussels harvested in the Adriatic
Sea, have raised the availability of YTX and its analogues,
and this allows investigation of their mechanism of action at
the mitochondrial level. This communication reports that
YTX is among the most powerful inducers of the PTP,
opening being observed at nanomolar concentrations in the
presence of a permissive level of calcium by itself incapable
of opening the pore. PTP opening by YTX is also observed
in intact Morris Hepatoma 1C1 (MH1C1) cells, suggesting
that mitochondria are the target of YTX toxicity in situ. The
results are of great interest not only in providing a first clue
into the biochemical basis for YTX toxicity, but also in
providing a novel tool for the study of PTP.2. Materials and methods
2.1. Chemicals
Tetramethylrhodamine methyl ester (TMRM) was ob-
tained from Molecular Probes, Inc. (Eugene, OR). All other
chemicals were purchased from Sigma-Aldrich (Milan, Italy)and all solvents were pure reagents from J.T. Baker
(Deventer, The Netherlands).
YTX (sodium salt, MW=1142), solubilized in ethanol,
was prepared as described below in the Department of
Chemistry of Natural Elements, University of Napoli
‘‘Federico II’’.
2.2. Preparation of yessotoxin
YTX was obtained from two different preparations,
called in this work stock1 and stock2, respectively. Stock1
was extracted from contaminated mussel samples, stock2
directly from Protoceratium reticulatum, a dinoflagellate
species. Many findings indicate that YTX and most YTX
derivatives in mussels are true products of the dinoflagellate
and do not derive from metabolic conversion of YTX when
accumulated in shellfish [24].
2.2.1. Stock1
Specimens of the toxic mussel Mytilus galloprovincialis
were collected along the coastal area of the northern
Adriatic Sea (Cesenatico) in June 1997 at 3 m depth, which
corresponded to the upper levels of mussel farms in this
area. After collection, the mussels were placed in refriger-
ated boxes and sent to our laboratories where the hepato-
pancreas were removed, homogenized with a Waring
blender, and stored at  20j until used. The digestive
glands (1150 g) were extracted with acetone (20 l, twice)
at room temperature. The extracts obtained after removal of
the solvent were dissolved in MeOH/H2O 8:2 (3 l), and the
solution extracted with n-hexane (3 l three times). The
hydromethanolic layer was finally partitioned between
MeOH/H2O 4:6 (1 l) and CH2Cl2 (1 l three times). The
presence of YTXs in the dichloromethane extract and in the
eluates was checked by mouse bioassay, by NMR on a
Bru¨ker AMX-500 spectrometer, and by LC-MS. The
dichloromethane-soluble material (15.2 g) was then passed
through a Develosil ODS column (Nomura Chemicals,
36 460 mm) eluting successively with 80%, 90% and
100% of methanol/water. The toxic residue in the last eluate
was chromatographed next on a Toyopearl HW-40 SF
column (Tosohaas, 26 460 mm), using 100% methanol
as eluent, thus resolving toxins into several fractions. YTXs
were eluted between 300 and 400 ml. The toxic fraction
containing YTX was rechromatographed on a RP-8 column
(Merck, 15 230 mm) with 60% and 80% of methanolic
aqueous solution. Final purification of the 60% methanol
fraction, obtained on a RP 18 column (Phenomenex, mod.
Luna, 4.6 250 mm, 5 A) with CH3CN/MeOH/H2O 1:1:2
as eluent at a flow rate of 0.8 ml/min, yielded 700 Ag of pure
YTX. YTX was identified by comparison of MS and NMR
data reported in the literature.
An accurate quantitation of the isolated YTX was
performed through LC MS analysis [23] by comparison
of both its retention time and peak area with those of a
certified standard solution. A working solution of 50 AM
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by serial dilutions of a 500 AM stock solution, and was
stored at  20 jC, in glass vials, protected from light.
2.2.2. Stock2
YTX extracted directly from P. reticulatum was deter-
mined by high performance liquid chromatography coupled
with electrospray ion trap mass spectrometry (HPLC–MS
and HPLC–MSn experiments) [24]. P. reticulatum was
isolated by the capillary pipette method from a natural
phytoplankton sample, collected in coastal waters near
Cesenatico, Italy, during the second week of January
2002. A working solution of 75.6 AM YTX-stock2 was
prepared in absolute ethanol from 86.4 Ag of pure toxin, and
stored at  20 jC.
YTX was added to mitochondrial suspensions or cells
directly from the ethanolic solutions; the same amount of
ethanol was added to the control samples.
2.3. Mitochondria isolation
Mitochondria were prepared from the livers of male
albino Wistar rats (Charles River, Calco, LC, Italy), weigh-
ing 150–175 g essentially as described in Ref. [25].
Isolated livers were placed in ice-cold extraction medium
(0.25 M sucrose, 0.01 M Tris, 0.1 mM ethylene glycol-bis
(b-aminoethylether) N,N,NV,NV-tetraacetic acid (EGTA); pH
7.4 with HCl; 0.4% bovine serum albumin (BSA)) and
homogenized with a Potter-Elvejhem homogenizer. The
homogenate was diluted to 30 ml/half liver and unbroken
cells and nuclei were sedimented by centrifugation at 2000
revolutions/min for 10 min (RC5B Sorvall centrifuge, rotor
SS34). The supernatant was carefully filtered through gauze,
decanted and centrifuged at 9000 revolutions/min in the
same centrifuge. The supernatant was discarded, the mito-
chondrial pellet was resuspended in the same buffer without
BSA and spun as above.
The resulting mitochondrial pellet was resuspended in
0.25 M sucrose, 0.01 M Tris, adjusted to pH 7.4 with 3-[N-
morpholino]propanesulfonic acid (MOPS).
Mitochondrial protein concentration was determined
with a biuret method [26] with addition of 10% sodium
deoxycholate and using BSA as standard.
2.4. Measurement of mitochondrial swelling
Mitochondrial permeabilization to sucrose (swelling) was
determined by monitoring absorbance changes at 540 nm
with a Jasco V-550 spectrophotometer equipped with mag-
netic stirring and thermostatic control [27].
The incubation medium contained 0.2 M sucrose, 1 mM
KH2PO4, 10 mM Tris–Mops, pH 7.4; 5 mM succinate–
Tris, 10 AM EGTA–Tris, 1 Ag ml 1 rotenone, 1 Ag ml 1
oligomycin; final volume 2 ml, 25 jC. The details pertain-
ing to different experiments are reported in the legends of
the relative figures. The swelling experiment in the presenceof increasing amounts of carbonylcyanide p-trifluorome-
thoxy-phenylhydrazone (FCCP) or YTX [28] allows a
calibration of the absorbance as a function of the fraction
(U) of swollen mitochondria, where zero is the value
obtained from mitochondria incubated in the absence of
Ca2 + and 1 is the value obtained after all of the mitochon-
dria have undergone the transition induced by excess
calcium or FCCP according to Petronilli et al. [29,30].
2.5. Citrate synthase assay
Citrate synthase is the most commonly used matrix
marker enzyme and its detection in a mitochondrial sus-
pension is an index of loss of mitochondrial integrity. The
assay follows the reduction of 5,5V-dithiobis (2-nitroben-
zoic acid) (DTNB) at 412 minus 360 nm (extinction
coefficient 13.6 mM 1 cm 1) in a 1-ml quartz cuvette
at 30 jC, coupled to the reduction of CoA by the citrate
synthase reaction in the presence of oxaloacetate and 20
Ag liver mitochondrial protein as described in Trounce et
al. [31]. Before the assay, the mitochondrial protein was
incubated as described in legend of Fig. 3, with 200 nM
FCCP or 1 AM YTX-stock2 to induce pore opening and
with 200 nM FCCP in the presence of 1 Ag ml 1 CsA to
maintain the pore closed.
2.6. Oxygraphic measurements
Freshly prepared mitochondria were assayed for oxygen
consumption at 30 jC by means of a thermostatically
controlled oxygraph apparatus equipped with a Clark’s
electrode and a rapid mixing device. Mitochondria (1 mg
protein) were incubated in the following respiration medium
(0.25 M sucrose, 0.05 M HEPES, MgSO4 4 mM, KH2PO4
10 mM, pH 7.4 with KOH; final volume: 1600 Al) and then
respiratory substrates (13 mM K+ succinate) were added.
State 4 respiration was recorded for 2 min, and State 3
respiration was induced by addition of 300 AM ADP.
Dinitrophenol (DNP) was finally added to determine the
maximal electron transport capacity. Respiratory rates are
expressed in ng atoms oxygen min 1mg protein 1 based
on a content of 250 Amol O2/l buffer at 30 jC [32].
2.7. Determination of mitochondrial membrane potential
TMRM is a cationic fluorophore that is taken up elec-
trophoretically into mitochondria in response to their neg-
ative membrane potential. As a consequence of uptake into
mitochondria, red TMRM fluorescence becomes quenched
[33]. TMRM Fluorescence was measured in Jasco FP-777
spectrofluorometer using as excitation wavelength 558 nm
and as emission wavelength 578 nm.
Assays were carried out at 25 jC in 0.2 M sucrose, 1 mM
KH2PO4, 10 mM Tris–Mops, pH 7.4; 10 AM EGTA–Tris,
1 Ag ml 1 rotenone, 1 Ag ml 1 oligomycin, 100 nM
TMRM, final volume 2 ml. Rat liver mitochondria were
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min of stabilization, and 5 mM succinate–Tris was added to
induce mitochondrial energization; depolarization was
achieved by addition of 100 nM FCCP.
2.8. Cell culture
MH1C1 cells were grown in Ham’s F-10 nutrient mix-
ture supplemented with 10% fetal calf serum in a humidified
atmosphere of 95% air, 5% CO2 at 37 jC in a Forma tissue
culture water-jacketed incubator. For experiments of fluo-
rescence microscopy, cells were seeded onto uncoated 24-
mm diameter round glass cover slips (50,000 cells/cover
slip) and grown for 2 days as described above.
2.9. TMRM staining and imaging
MH1C1 cells were loaded with 20 nM TMRM. The
extent of cell and hence mitochondrial loading with poten-
tiometric probes is affected by the activity of the plasma
membrane multi-drug resistance P-glycoprotein, which is
inhibited by CsA [34].
Treatment with this drug therefore causes an increased
mitochondrial fluorescence that can be erroneously inter-
preted as an increase of the mitochondrial membrane
potential (see Ref. [34] for discussion). To prevent this
artifact and to normalize the loading conditions, in all
experiments with TMRM, the medium was supplemented
with 2 Ag ml 1 CsH, which inhibits the multi-drug
resistance pump, but not the PTP [21]. MH1C1 cells were
loaded with 20 nM TMRM and 2 Ag ml 1 CsH for 30
min at 37 jC in 1 ml of Hanks’ balanced salt solution
supplemented with 10 mM Hepes, pH 7.4. Cellular fluo-
rescence images were acquired with an Olympus IMT-2
inverted microscope, equipped with a Xenon light sourceFig. 1. Oxygen consumption rate of liver mitochondria with succinate: effect of Ca
and methods. Where indicated, 10 AM Ca2 + (CaCl2) is added in the absence o
consumption rate was also measured in the presence of 100 AM Ca2+ and 30 AM(75 W) for epifluorescence illumination and with a 12-bit
digital cooled CCD camera (Micromax, Princeton Instru-
ments). For detection of fluorescence 568F 25 nm band-
pass excitation and 585 nm longpass emission filter setting
were used for TMRM. Images were collected with expo-
sure times 200 ms using a 40 oil immersion objective
(Nikon). Data were acquired and analyzed using Meta-
morph software (Universal Imaging). Clusters of several
mitochondria were identified as regions of interest, and
fields not containing cells were taken as the background.
Sequential digital images were acquired every 1 min for
the experiments with a time course of 60 min and the
average fluorescence intensity of all relevant regions was
recorded and stored for subsequent analysis. Mitochondrial
fluorescence intensities minus background are reported in
Fig. 7 after normalization of the initial fluorescence for
comparative purposes, and they represent the mean of 10
regions of interest.3. Results
The addition of YTX to coupled rat liver mitochondria
having a respiratory control above 6 with succinate as
substrate had no effect on either State 3 or State 4 respira-
tory rate; however, in the presence of 10 AM CaCl2 (which
had a negligible effect on the respiration rate), 300 nM
YTX-stock1 induced a considerable increase in State 4
respiration (Fig. 1), suggesting that the uncoupling effect
of YTX is in some way related to the calcium uptake from
coupled mitochondria.
Calcium uptake in energized mitochondria may induce
PTP opening with consequent loss of membrane potential
and increase of State 4 respiration rate. Since these
modifications are dependent on the calcium concentration,2+, YTX, CsA and DNP. Experimental conditions are described in Materials
r in the presence of 300 nM YTX-stock1 and 1 Ag ml 1 CsA. Oxygen
DNP.
Fig. 3. Effect of YTX on permeability transition after 10 AM Ca2+ uptake.
Experimental conditions are described in Materials and methods. The
experiments are started by the addition of 0.5 mg of liver mitochondria. One
minute later, 10 AM Ca2+ (CaCl2) was added, followed, exactly after 30 s,
by 0.45 Ag ml 1 RR. Permeability transition is followed after the addition
of increasing concentrations of YTX-stock2. The 100% value is that
induced by 200 nM FCCP.
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to a sensitization of PTP, suggesting that YTX could be a
PTP inducer.
Fig. 2 shows the PTP opening induced by 10 AM calcium
in coupled rat liver mitochondria, measured as change in
absorbance at 540 nm. Pre-treatment with 250 nM YTX-
stock1 reduced the t/2 for PTP opening from 88 to 45 s
confirming the involvement of YTX in its regulation.
In order to study the dependence of PTP opening on the
concentration of YTX, we have used a sensitive protocol
introduced in 1993 [35]. In this protocol, mitochondria are
first loaded with a small Ca2 + pulse that per se is not
sufficient to open the PTP, followed by the addition of
ruthenium red to prevent calcium redistribution among
mitochondrial subfractions of different stability. The results
obtained by this modified protocol are described in Fig. 3:
addition of increasing amounts of YTX induced an increase
in the fraction of swollen mitochondria, calculated as the
fraction of swelling induced by YTX with respect to
maximum swelling induced by 200 nM FCCP. In the
presence of CsA 1 Ag ml 1, YTX had no more effect,
confirming that the toxin may be classified as a PTP inducer.
This experiment also allowed us to determine that the K50 of
YTX for PTP opening is 197 nM.
The intact mitochondrial suspension, incubated as de-
scribed in the legend of Fig. 3, showed an elevated citrate
synthase activity with either 200 nM FCCP or 1 AM YTX-
stock2, indicating loss of the mitochondrial inner membrane
permeability barrier, whereas 200 nM FCCP in the presence
of 1 Ag ml 1 CsA allowed no detection of the citrate
synthase activity (data not shown). Thus YTX, similar toFig. 2. Effect of the 10 AM Ca2+ on permeability transition in the presence
and in the absence of YTX. The incubation medium is described in
Materials and methods. The experiments are started by the addition of 0.5
mg of liver mitochondria (not shown). After 1 min of 250 nM YTX-stock1
(trace b) or 10 Al ethanol (trace a) is added (not shown). Four minutes later,
as indicated, the absorbance decrease induced by addition of 20 AM Ca2+ is
followed. T/2 of the transition of all the mitochondria is calculated.uncouplers, induces a loss of mitochondrial integrity as a
consequence of PTP opening.
Inspecting the structure of YTX (Fig. 4), it appears that
there are two sulfate groups bound to the same extremity of
the molecule; at pH = 7.4 (which is the normal pH for the
experiments), these two groups are ionised, presumably
allowing Ca2 +, when present, to bind to the sulfate groups.
To test this hypothesis, we have substituted ruthenium
red (RR) with EGTA in order to eliminate any trace of
calcium from the mitochondrial environment. Addition of
up to 500 nM YTX after EGTA had no effect on PTP (Fig.
5), confirming that the neutralization of the sulfate groups of
YTX by calcium is necessary for the action of YTX on the
pore.
Because the toxin requires calcium, one could assume
that its activity as a PTP opener might be simply related to
transport into the mitochondrial matrix of the excess calci-
um bound to YTX itself. The two sulfate groups present in
each molecule may bind one (or two) calcium ions so that
the calcium carried by YTX into the matrix would be, at theFig. 4. Structure of the YTX tested in this study.
Fig. 5. Effect of 500 nM YTX and 200 nM FCCP on permeability transition after 10 AM Ca2+ uptake in the presence of 500 AM EGTA. Experimental
conditions are described in the legend to Fig. 3, but RR is substituted with 500 AM EGTA. Trace shows the response of permeability transition to addition of
500 nM YTX-stock1 and of 200 nM FCCP.
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Nevertheless, the effect on mitochondrial swelling of the
maximal amount of calcium that YTX could transport was
negligible compared with the effect induced by the same
amount of YTX (data not shown). Thus, the maximal
amount of calcium possibly bound to the toxin does not
induce the transition per se.
It has been established that PTP opening is the result of a
balance between membrane potential and concentration of
Ca2 + in the mitochondrial matrix: its open probability
increases at decreasing membrane potentials [36]. To test if
the mechanism by which YTX induces PTP opening is
related to a direct effect on mitochondrial membrane poten-
tial, we have studied its action on the membrane potentialFig. 6. Effect of YTX (100 nM) on mitochondria membrane potential evaluated foll
energized with succinate in the presence of 1 AM Ca2+. Trace A: YTX-stock1 ind
more stimulated by further addition of FCCP 100 nM. Trace B: the loss of mitoch
CsA 1 Ag ml 1 and restored by FCCP addition in a range between 20 and 100tested with the fluorescent probe TMRM, a lipophilic cation
that, because of its positive charge, can be accumulated into
energized mitochondrial matrix by the driving force of the
electrochemical gradient. The addition of YTX to mitochon-
dria energized with succinate had no effect on the TMRM
fluorescence (data not shown) suggesting that YTX alone is
not able to interfere with the mitochondrial membrane
potential. In the presence of 1 AM Ca2 +, which has only a
slight effect on the membrane potential, the addition of 100
nM YTX-stock1 induced a total membrane depolarization as
detected by the rapid increase of TMRM fluorescence, which
was not further stimulated by the addition of FCCP (Fig. 6A).
Pretreatment of energizedmitochondria with CsA completely
prevented the increase of fluorescence, which was howeverowing the fluorescence changes of TMRM in coupled rat liver mitochondria
uces a complete depolarization of the mitochondrial membrane potential no
ondria potential induced by addition of YTX is prevented in the presence of
nM.
 Fig. 7. Changes of mitochondrial TMRM fluorescence induced by YTX.
MH1C1 cells were loaded with TMRM and CsH as described in
Materials and methods, and images were collected at 1-min intervals.
Where indicated (arrows) YTX was added at 100 nM (triangles), 300
nM (open and closed squares) or 900 nM (diamonds), followed by 4
AM FCCP. In the experiment denoted by closed squares cells had been
treated with 2 Ag ml 1 CsA prior to the addition of YTX. In the
experiment denoted by open circles no YTX was added. The initial
fluorescence intensities were normalized for comparative purposes, and
values on the ordinate report the mean fluorescenceF S.D. of three
independent experiments.
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tion that the depolarization induced by YTX is indeed the
result of PTP opening.
A critical question is whether YTX can cross the cell
membrane and exert its PTP-inducing effects in situ. In order
to address this problem, MH1C1 cells were loaded with
TMRM,which accumulates in energizedmitochondria. Fluo-
rescence measurements of mitochondria-rich regions allows
a kinetic resolution of the changes of mitochondrial mem-
brane potential. When the TMRM concentration is below the
mitochondrial quenching threshold, as in the present proto-
cols, a decrease of the mitochondrial fluorescence corre-
sponds to depolarization (see Ref. [34] for discussion). The
experiments of Fig. 7 show that the addition of increasing
concentrations of YTX caused a decrease of mitochondrial
fluorescence. As the concentration of YTX was raised from
100 to 900 nM, the rate of depolarization increased while the
time elapsing between addition of the toxin and depolariza-
tion decreased. At 300 nM, YTX depolarization was com-
pletely prevented by the pretreatment with CsA, indicating
that PTP opening was the underlying cause. The experiment
demonstrates that added YTX is readily available to the
mitochondria in situ, and that the intracellular milieu is
permissive for PTP induction by YTX.4. Discussion
This study reports that YTX is able to induce a CsA-
sensitive permeability transition in rat liver mitochondriaenergized with succinate and in the presence of permissive
levels of calcium. The requirement for a small amount of
matrix calcium, by itself unable to open the PTP, to allow
the action of PTP inducers is well-documented in the
literature [35,37]. In the case of YTX, we found yet another
role for calcium, i.e. that it is directly required for the
interaction of YTX with the pore. This is shown by the
inability of YTX to open the pore when mitochondria were
treated with EGTA after they had accumulated an otherwise
‘‘permissive’’ calcium pulse. This effect of calcium is
presumably due to binding to the two adjacent sulfate
groups present in the YTX molecule. The basis for this
form of calcium requirement remains unclear at present.
One possibility is that YTX may interact with the pore only
in the calcium-bound form. An alternative explanation is
that calcium binding may increase the YTX solubility in
organic solvents (and membranes) by negative charge
neutralization as shown for other polar compounds [38].
The effect of YTX on the pore leads to the expected
collapse of the proton electrochemical potential, measured
by quenching of fluorescence of the cationic probe TMRM
[33]. On the other hand, YTX has no direct effect on the
membrane potential, as shown by the lack of any action of
YTX on TMRM fluorescence when in the presence of
CsA. Our study thus demonstrates that YTX can be added
to the list of the most potent pore openers acting at
submicromolar concentrations, such as phenylarsine oxide
[37], 4-hydroxynonenal [39], selenite [40], auranofin [41]
and mitotracker orange [42].
We have demonstrated that the inducing effect of YTX
on the permeability transition also occurs in cultured cells
at concentrations comparable to those effective in isolated
mitochondria. The experiment is important for at least two
reasons: (i) it demonstrates that the PTP in situ is in a
‘‘permissive’’ condition for opening by YTX; specifically,
pore opening can occur at physiological calcium loads,
suggesting that the requirement for calcium uptake in
isolated mitochondria reflects the need to restore the matrix
calcium pool lost during isolation rather than the need for
calcium overload; (ii) it suggests that mitochondria may be
important targets for YTX intoxication in vivo, and that
PTP opening may initiate the mitochondrial proapoptotic
pathway.
In keeping with this suggestion, Leira et al. [43] have
recently shown that YTX induces apoptosis in the BE(2)-
M17 neuroblastoma cell line, and that this apoptotic
pathway leads to caspase-3 activation. Similar results
have been obtained by Malaguti et al. [44] who showed
that sub-nanomolar concentrations of YTX induce HeLa
S3 cell death after 48–96 h of incubation. These findings
characterise YTX as one of the most potent cytotoxic
compounds.
The observed interaction between YTX and PTP may
provide a mechanistic basis for its cytotoxic and cell death-
inducing effects. In fact, PTP opening collapses the mito-
chondrial membrane electrochemical potential, induces in-
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ATP depletion [45], all events that are known to accompany
the cell death process. Opening of the pore may be accom-
panied by mitochondrial swelling and release of proteins
from the intermembrane space [12]. Some of these proteins,
such as cytochrome c [46] and AIF [47] are involved in the
apoptotic cell death. Once released in the cytosol, cyto-
chrome c may activate caspase-3; and its loss from mito-
chondria may also lead to decreased electron transfer and
increased production of reactive oxygen species [48] in a
feed-forward loop that further accelerates the apoptotic
process.
Taken together, the observations in this study may help
understand the toxic effect of YTX in vivo. YTX, firstly
included within the DSP group, has a distinct toxic activity
in that it does not induce diarrhea, nor does it inhibit protein
phosphatases. Yet its toxicity by i.p. injection in the mouse
exceeds that of okadaic acid [49]. The data reported here
may provide a molecular mechanism by which PTP opening
triggers an apoptotic process responsible for the toxic effects
of YTX observed in vivo.Acknowledgements
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